Injection of a soluble gas like CO2 into an oil reservoir reduces the interfacial tension and oil viscosity and contributes to oil swelling, which together, in turn, enhance the oil mobility and relative permeability. In this work an experimental phase equilibrium setup for the recombination of live oil (stock-tank oil and first-stage separator gas) and measurement of the corresponding phase behaviors of CO2/live oil mixtures is described. In the recombination process, the vapor-to-oil molar ratio was adjusted until the composition of the original reservoir fluid was obtained. The average of the absolute error (AAE) in composition was about 0.77% and 1.09% for the two reservoir fluids under test (named here wells A#22 and A#33, respectively). The optimum vapor-tooil molar ratio for zero deviation in the methane composition in the live oil (recombined) was about 0.42 for both wells. In addition, the PVTi simulator was used to reproduce the live oil (by combining the first-stage separator gas and the stock-tank oil) and also to predict the recombined oil characteristics at the reservoirs' saturation pressure and bottom hole temperature. On the other hand, the PVTpro simulator was used to investigate the oil swelling rate and establish the relationship between saturation pressure and the injected CO2 mass fraction. The average of the absolute relative error (AARE) between experimental and predicted saturation pressures was 7.78% for well A#22 and 5.38% for well A#33.
Introduction
Tertiary or enhanced oil recovery processes are associated with the injection of a specific type of fluid or fluids into a reservoir. The fluid injection supplements the natural energy left over in the reservoir and displaces the un-recovered oil. The increased interaction between the injected fluid and the in-place oil results in alterations in rock and fluid properties. Fluid injection and eventual interaction bring about changes like a lowering in interfacial tension, oil swelling, oil viscosity reduction, wettability modification, and sometimes favorable phase behavior conditions. These changes are mainly attributed to physics and chemical interaction between the two fluids and also to the fluid injection rate and pressure [1] . The many advantages of CO 2 injection over those of water and nitrogen injection are summarized in [2] . CO 2 flooding is among the most promising enhanced oil recovery (EOR) methods in heavy oil reservoirs and has been successfully used in a number of worldwide basins where other EOR techniques are not applicable [3] . CO 2 becomes supercritical when injected under reservoir conditions, and as a consequence it can recover more oil with the additional benefit of considerably reducing greenhouse gas emissions. The greatest difference compared to other gases is that CO 2 can extract heavier components up to C 30 . The solubility of CO 2 in hydrocarbon oil causes the oil to swell. CO 2 expands oil to a greater extent than methane does. The swelling depends on the amount of methane in the oil. Because the CO 2 does not displace all of the methane when it contacts a reservoir fluid, the more methane there is in the oil, the less is the swelling of the oil [4] .
Several factors that affect the mobilization efficiency are rock geometry, pore structure, flooding rate and fluid properties [5] . During the flooding process, CO 2 is injected into the formation to highly enhance the mobility of the contacted oil, thus promoting its displacement towards production. Oil mobility is improved because the solubility of CO 2 in the oil increases the oil volume and at the same time causes a reduction in the oil viscosity [5] . Characterization of produced and residual oils in the CO 2 flooding process has been recently carried out by [6] . This kind of study provides a deep understanding of the changes of properties of the produced and residual oils in CO 2 -EOR processes.
The solubility of CO 2 in oil fractions constitutes a key factor for EOR successful projects and thus, the study of phase behavior of the CO 2 /crude oil system is the first fundamental step for understanding the oil recovery mechanism in petroleum reservoirs. Knowledge about the phase behavior of solvents of low molecular weights (such as CO 2 ) and petroleum fluids is important for primary oil production, enhanced oil recovery, gas injection [7] and re-injection [5] , pipeline transportation, deasphalting, and petroleum processing and refining [8] . Several literature correlations for CO 2 -oil physical properties (CO 2 solubility, oil swelling due to CO 2 , CO 2 -oil density, and CO 2 -oil viscosity) have been tested by Al-Jarba and Al-Anazi [9] who recommended Emera and Sarma models [10] to be applied over wider data ranges and operating conditions.
Feizabadi et al. [11] observed the formation of a second liquid phase when propane or CO 2 , was used as solvent, with the second liquid phase mainly composed of the solvent itself. They carried out a research to understand the importance of the second liquid phase and its effect on oil production. They claimed that the allocation of such a liquid phase through a simulator would allow for prediction of the amount of solvent that can be produced and recycled, which makes a more realistic cost evaluation of the solvent injection processes. They added that the relative permeability plays an important role in multiphase flow; numerical results indicated that, by increasing the number of phases, there will be an increase in the project life.
Prior to any CO 2 -EOR project, meticulous laboratory tests have to be conducted to characterize the phase behavior between CO 2 and the reservoir oil. The results of these are very important during the pre-injection phase to establish baseline predictions of CO 2 behavior in the reservoir and oil production [12] .
In this work, experimental phase transition data of mixtures composed of CO 2 and live oil are reported over a pressure range of 150 to 330 bar and a CO 2 mass fraction of 0.6 w = no stabilization was observed and no monophasic system was detected.
Field Data and Materials Used
The Commercial Service Provider collected and analyzed two bottom-hole samples from wells A#22 and A#33 in the UAE. The reservoir initial static pressure, bottom hole temperature and bubble point pressure at that temperature are respectively 4687 psia, 235˚F and 2277 psia for well A#22 and 2820 psia, 257˚F and 2377 psia for well A#33. The API gravity of the stock-tank oil at standard conditions are 37.1 and 36.9 for wells A#22 and A#33, respectively. The stock-tank oil as supplied has the compositional analysis and characteristics presented in Table 1 and Table 2 . The carbon dioxide used in this work was supplied by Air Products Emirates Gas LLC, Dubai (UAE) and has a purity > 99.5%.
Experimental Setup
The experimental scheme used in this work is based on the static-synthetic method shown in Figure 1 . It consists of a high-pressure, variable-volume PVT view cell (made in Brazil), two syringe pumps (ISCO brand, model 260D) and a heating device with magnetic stirrer (Stuart Magnetic Stirrer CC162/SC162). The view cell has two sapphire windows for visual observations, an absolute pressure transducer (Smar, LD 301) with a precision of ±0.31 bar, and a portable programmer (Smar, HT 201) for pressure data acquisition. The equilibrium cell includes a movable piston, which permits the control of pressure inside the cell. Phase transitions are recorded through pressure manipulation using the syringe pump and a solvent (CO 2 ) as a pressurizing fluid. The set of valves used in the unit and their objectives are discussed elsewhere [13] . The equilibrium cell consists of a 316 stainless-steel cylinder, with a 17.2 mm internal diameter and 176 mm length. The cell is equipped with a piston for system volume and pressure variation. The equilibrium cell is heated by an automatically controlled electric heating system. The equilibrium cell has two top holes for thermocouple connection and feed valve connection or gas removal during the recombination process. The equilibrium cell has also three holes: a rear hole, lateral and front windows respectively for piston displacement, light source and infrared device to detect and record phase transitions (Figure 2) . The piston has two O-rings (BUNA N90) that allow smooth slip inside the cell for pressurizing or depressurizing. The O-rings ensure the sealing (insulation) of the sample (Figure 3) . For phase equilibrium measurements through the static-synthetic method, a suitable device for quantifying the amount injected into the equilibrium cell and also for handling the system pressure is required. Syringe-type pumps are ideally designed for this purpose and they have an inner cylinder connected to an automatic flow and a pressure indicator controller (COEL K484P). Each of the two syringe pumps (ISCO Brand, Model 260D) has an inner cylinder of 266 ml and a discharge pressure of up to 500 bar. The chamber cylinders of the pumps are jacketed to keep their temperature constant using water circulating baths.
The equilibrium assembly of the cell begins with the adjustment of the piston O-rings tightness. This step requires special care, because if the piston tightening is weak it will allow fluid passage into the cell and thus changes the overall composition. At the same time piston tightening should not be too strong to avoid pressure drop between the sample and the process line.
The system was continuously stirred and the pressure inside the cell was gradually increased until the condition of a single-phase system was obtained, then the pressure was reduced gradually until the saturation pressure of the system was recorded at the specific reservoir bottom hole temperature. For saturation pressure measurements, the light source from the lateral window of the equilibrium cell was turned on and a digital camera (Genius eFace 1325R) with an infrared device that provides superior image quality under any light conditions; even in the dark. All the measurements in the above tests were performed using the infrared device which allows phase transition detection with <1 bar (or ±1% error).
The Recombination Test Procedure
Due to the difficulties and costs involved in bottom-hole samples' measurements, it was intended in this work to reproduce the original reservoir fluid with bubble point pressure and composition as close as possible to the original reservoir fluid under test. Thus, the recombination process was performed here to reproduce the reservoir fluid for further PVT studies using gas samples from the first-stage separator and oil samples from stocktank oil (dead oil) with compositions provided by the Commercial Service Provider. The gas from the first-stage separator is a mixture of hydrocarbons up to 7 C + . The detail of recombination test procedure can be found in [13] and it is summarized by the flow chart shown in Figure 4 .
The experimental procedure for the recombination process using this type of experimental setup, begins with loading the gas from the gas cylinder (at ambient temperature) into the chamber of the 1 st syringe pump using valve V1G. The temperature in the chamber of syringe pump is kept constant at 283.15 K using the watercooled circulating system (Julabo F34, Germany). Then valve V1G was closed and the pressure was raised to 100 bar inside the chamber. The stabilization of the system (zero pump flow) requires about 10 to 15 min, and should be carefully done to avoid any trace flow that might lead to systematic error in the measured volume of the injected gas. A typical recombination process starts by insertion of a precise amount of the stock-tank oil into the equilibrium cell through valve V6 using the portable syringe. The cell is then connected to the process lines (feed, pressurizing/depressurizing and thermocouples). Once the system in the 1 st syringe pump chamber is stabilized, the volume of the gas inside the chamber is recorded and a pre-calculated volume of that gas is injected into the equilibrium cell through valves V2G, V3 and V6. Then valves V3 and V6 are closed. The starting temperature inside the equilibrium cell is the room temperature. The magnetic stirrer is then switched on and the temperature is raised in steps to the reservoir bottom hole temperature. This process usually takes about 15 minutes. The light source from the lateral window on the equilibrium cell is turned on and any phase transition will be detected and recorded by the infrared web-cam. The pressure is then raised to a pressure well above the bubble point of the reservoir fluid (i.e., 154.9 bar for well A#22 and 161.7 bar for well #33) until a monophasic fluid is obtained, while maintaining the reservoir bottom hole temperature (235˚F for well A#22 and 257˚F for well A#33). Then the pressure is gradually reduced until the first bubble is observed. If the recorded bubble pressure is away from the reservoir pressure, then follow the procedure depicted in Figure 4 . In all cases, the pressure shall be monitored by the pressure indicator controller.
Calculations for the Recombination Process
Since the gas composition obtained from the gas cylinder is different from that obtained by flashing the reservoir monophasic fluid directly to standard conditions, this kind of recombination process can lead to a live oil a little different from the reservoir fluid, therefore, the vapor-to-oil molar ratio has to be adjusted until a monophasic fluid is obtained with a fluid composition of minimum deviation from that of the reservoir fluid under test. The optimized vapor-to-oil molar ratios have been found 0.5183 for wells A#22 and 0.5603 for well A#33, which are almost the same as those given by the Commercial Service Provider. For minimum deviation in the methane concentration between the reservoir and the recombined fluids, the vapor-to-oil molar was found to be around ( )
where β is the vapor-to-oil molar ratio, x i and y i are the mole fractions of component i in the liquid phase and vapor phase, respectively. The values of β, x i and y i for wells A#22 and A#33 were obtained by flashing the monophasic fluid from the well condition to the standard conditions (60˚F and 14.7 psia). The resulting gas and liquid phases were then analyzed by gas chromatography. For the project chart, the values of x i and y i were obtained by chromatography analysis of the stock-tank oil and the gas from the first-stage separator, respectively. Since the two-stage recombination process is performed by injecting the gas into the stock-tank oil, for the phase behavior measurement of the live oil, the overall composition of the mixture has to be computed. Since the mass of the dead oil is known, the mass of the gas to be injected has to be estimated in order to obtain the mass of the live oil. For these purposes the same molar ratio of the project was used:
where n V and n L are the number of moles in the vapor and liquid phases, respectively, and n t is the total number
where ρ L , V L and M L are respectively, the density, volume and average molar weight of the stock-tank oil to be injected in the equilibrium cell. Thus, 0.42
For non-ideal gas, the vapor volume is calculated as [3] :
where Z V is the vapor compressibility factor. Substituting Equation (4) into Equation (5) gives
In order to calculate V V , the compressibility factor of the gas mixture has to be determined using, for example, the theory of corresponding state which requires the reduced temperature, T rm , and reduced pressure, P rm , of the gas mixture; which requires the estimation of the mixture critical temperature, T cm , and critical pressure, P cm , for example, using the Kay's rule (Equation (7)) and the composition and the critical properties of the pure components of the gas mixture presented in Table A1 in the Appendix. 
The Z factor was estimated by the Brill and Beggs correlation [14] :
where P pr and T pr are the pseudo-reduced pressure and temperature, respectively. The other parameters used in Equation (8) are as follows: 
The above correlation (Equation (8)) has been found adequate (±2% error) for a temperature range of 80˚F -340˚F and pressures < 10,000 psia [7] . The main advantage of this correlation is being explicit in Z.
In this work, the gas is injected from the 1 st syringe pump at 283.15 K and 100 bar which correspond to the T rm and P rm values shown in Table 3 for wells A#22 and A#33. Assuming the gas used to be a natural gas [15] , then after estimating the Z-factor in terms of the mixture pseudo-reduced properties, Equation (6) can be used to estimate V V ; the volume of the gas to be injected into the equilibrium cell. Further details on the recombination results are presented later.
The Swelling Test Procedure
The swelling test experimental procedure is as follows:
1) Follow all the steps of the recombination process until you obtain almost the same reservoir bubble point pressure at the reservoir bottom hole temperature (235˚F for well A#22 or 257˚F for well A#33). The corresponding bubble point pressures should be 154.9 bar for well A#22 and 161.7 bar for well A#33. Wait for the 2 nd syringe pump to stabilize, then record the initial volume of the gas inside its chamber, V i .
2) Decrease the equilibrium cell pressure gradually starting from the saturation pressure to a lower pressure, say, 60 bar, by pulling the equilibrium cell piston back using the 2 nd syringe pump mechanism. In this case, a two-phase system is obtained.
3) Close the pressurizing/depressurizing valve, V5, and raise the pressure in the 2 nd syringe pump chamber back to saturation pressure and wait until the pump stabilizes, then open valve V5 directly to pressurize the equilibrium cell back to saturation pressure. In this case, a monophasic fluid is obtained. 4) Let the 2 nd syringe pump to stabilize and then record the final volume of the gas in its chamber, V f . Then the volume of the recombined (live) oil, V 0 , in the equilibrium cell is equal to the displaced volume in the 2 nd syringe pump chamber, i.e., 
7) Close valve V6 and gradually decrease the pressure inside the 2 nd syringe pump chamber from 240 bar to 60 bar. 8) Open valve V5 and gradually increase the pressure inside the equilibrium cell until a monophasic fluid is observed and then gradually decrease the pressure until the first phase separation is observed. Record the observed phase transition pressure (P bub or P dew ).
9) Let the 2 nd syringe pump to stabilize and then record the initial volume of the CO 2 in its chamber, 2 ,CO i V . 10) Gradually reduce the equilibrium cell pressure from the observed phase transition pressure down to 60 bar in order to leave the piston at its maximum position at the backside of the equilibrium cell.
11) Close valve V5 and increase the pressure inside the 2 nd syringe pump back to the observed phase transition pressure. Re-open valve V5 to pressurize the equilibrium cell and let the syringe pump to stabilize again and then record the final volume of the CO 2 in its chamber, 
It should be mentioned that the CO 2 chart [16] was used to determine the density of CO 2 at the given temperature and pressure in order to calculate the displaced CO 2 mass in the 2 nd syringe pump chamber, which has to be placed in the equilibrium cell. The swelling tests results for various CO 2 mass fractions are presented later.
Thermodynamic Modeling and Simulation
In designing gas injection schemes and in many reservoir engineering situations, reliable methods are necessary to predict the gas-saturated crude oil density which is required for the calculation of the oil swelling and the oil formation volume factors. This has led to many prediction methods and correlations which are generally applicable to specific cases and often require knowledge of molar volume and solubility of the gas in the live oil at the reservoir conditions. These correlations are empirical by their nature and thus can lead to large errors when extrapolated beyond the range of variables covered in their study [17] .
Equations of state are used for generating the fluid model that can help in predicting the reservoir fluid properties at different pressures/temperatures and compositions and also help in material balance and flash calculations. The use of an equation of state at certain temperature and pressure with known overall composition, allows determining whether the fluid exists as a single or a multi-phase system and to estimate the density and composition of the existing phase(s) [18] .
For PVT data correlations, the Peng-Robinson equation of state (PR EOS) represents a significant improvement over the Soave-Redlich-Kwong equation of state (SRK EOS); while the SRK EOS predicts a critical compressibility factor, Z c, SRK = 0.333, the corresponding value predicted by PR EOS, Z c, PR = 0.307 which is closer to the reported experimental compressibility factors for hydrocarbons which are usually between 0.2 and 0.29. The PR EOS [19] is given by ( ) ( ) 
A third parameter, usually known as the volume-shift parameter (c i ) can be introduced through the following relation [20] : 
The dimensionless volume-shift parameter (s i ) is usually defined as a ratio between c i and b i (pure-component co-volume defined by Equation (11)).
.
The calculated shift parameters for the reservoir fluid of well A#33 are listed in Table A2 in the Appendix. It should be noted that the volume-shift correction has no effect on the iso-fugacity condition and thus, it does not affect other predicted equilibrium properties like saturation pressure and the k values [18] .
For fluid mixtures, the van der Waals mixing rules are commonly used 
where k ij 's, usually referred to as binary interaction parameters, are calculated by parameterizing the EOS with experimental k values [21] . For hydrocarbon systems, the k ij 's are commonly set to zero, except for describing interaction between hydrocarbons and non-hydrocarbons and between light and heavy hydrocarbons. An alternative method proposed by Chueh and Prausnitz [22] can also be used for evaluating k ij 's:
where v ci is the critical molar volume of component i. The coefficient A is usually adjusted to match the measured saturation pressures of the mixture. Since correlations for critical pressure are in general less accurate than correlations for critical temperature, the critical pressure of the 20 C + fraction together with the binary interaction parameter of 20 C + was used as regression variables to fit experimental pressure saturation data with the modified PR EOS, which is built in the PVTi (version 2010.1) and the PVTpro (version 5.1) simulators of the Schlumberger software is used in this work.
The PVTi simulator was used in this work to reproduce the live oil (by combining the first-stage separator gas and the stock-tank oil) and also to predict the recombined oil characteristics at the reservoir saturation pressure and bottom hole temperature. The PVTpro simulator was used to investigate the oil swelling rate and establish the relationship between saturation pressure and the injected CO 2 mass fraction. The results of simulation are presented later.
Results and Discussion

Experimental Results
The recombination process was first performed to obtain the same saturation pressure at which the reservoir fluid was sampled (P sat0 ) and the corresponding volume of the live oil, V 0 , which were determined by stabilizing the 2 nd syringe pump. More than 10 experimental runs were done for each well at the specific reservoir bottom hole temperature (235˚F for well A#22 and 257˚F for well A#33). Table 4 and Table 5 show the recombination tests results. The resulting live oils have been used in this work as the starting fluids for the subsequent swilling tests.
The static-synthetic method, which consists of preparing a mixture of known overall composition, was used to observe the fluid phase behavior by changing the pressure of the equilibrium cell at the specific reservoir bottom hole temperature. Typical results of the static-synthetic methods are bubble point and dew point curves. Phase changes are determined visually by pressure adjustments at constant temperature. It is important to emphasize that for a system with known global composition at a given temperature and pressure, the static-synthetic technique can only determine whether the system is composed of one, two or three phases. The respective phase compositions are still unknown as shown in the photographic image for the single phase (dead oil) system for well A#33 (Figure 5 ). On the other hand, Figure 6 shows the photographic image for initial phase formation in the live oil system for well A#33.
In the swelling tests, the CO 2 was then injected into the live oil (recombined oil) to observe a two-phase system ( ) sat LV P , and sometimes in a narrow range, a three-phase system ( ) sat LLV
P
, depending on the pressure and the mass fraction of CO 2 in the CO 2 /live oil system. It is worth mentioning that the three-phase observed here was not confirmed by the Commercial Service Provider.
The saturation pressure, P sat , and the final volume of the CO 2 /live oil system V 01 , were noted after stabilizing the 2 nd syringe pump. The relative swelling volume (V sw ) was then calculated as V sw = V 01 /V 0 . Table 6 and Table 7 present the experimentally observed and the calculated swelling test results for wells A#22 and A#33, respectively. It is clear that substantial increases in the saturation pressure and the swelling factor are obtained as result of the increase in the CO 2 mass fraction in the CO 2 /live oil system. For example, the swelling factor has increased from 1.0 to about 1.7 upon the increase of the CO 2 mass fraction from 0.0 to 0.6. In general, the higher the swelling factor the better the enhanced oil recovery. On the other hand, Figure 7 shows the swelling factor Table 7 . Swelling test results for the CO 2 /live oil system for well A#33 at 2377 psia and 257˚F.
Run
From recombination results Swelling results of the CO 2 /live oil system as function of saturation pressure for wells A#22 (at 235˚F) and A#33 (at 257˚F). The best fit of the swelling factor vs. saturation pressure is also shown on Figure 7 . Figure 8 and Figure 9 show respectively the photographic images for a monophasic fluid system and a phase transition for the CO 2 /live oil system at a CO 2 mass fraction of 0.5 for well A#33. As can be noted from these images, the phase transition detection device used was very suitable. It is important to highlight that this direct measurement of the saturation pressure without any additional treatment of images is among the very few times reported in literature (e.g. [8] ). Figure 10 and Figure 11 show the effect of the injected CO 2 mass fraction on the saturation pressure and phase transformation for wells A#22 and A#33, respectively, at the corresponding reservoir bottom hole temperatures. At , a single liquid phase exists at P ≥ 400 bar, a two phase (liquid + vapor) system exists at P = 261.1 bar and as the pressure is slightly increased (P = 265.1 bar), the vapor phase, which consists of CO 2 and light hydrocarbons, condenses into a second liquid phase, i.e., a (liquid + liquid + vapor) exists. It should be mentioned, as it appears in Figure 10 and Figure 11 , that there is a narrow pressure range over which two liquid phases (a CO 2 -rich liquid + an oil-rich liquid) and a vapor phase coexist.
The real observation of the three-phase system is shown in Figure 12 for well A#33 where the CO 2 /live oil system is divided into three phase fractions: the light phase (gas), the intermediate phase (liquid) and the heavy oil phase (liquid). The formation of a second liquid phase when propane or CO 2 was used as solvent was observed by Feizabadi et al. [11] ; claiming that the second liquid phase is mainly composed of the solvent itself.
Modeling and Simulation Results
With the objective of getting a monophasic fluid with a composition similar to that of the reservoir fluid, the PVTi simulation was performed on the recombined oil (obtained by mixing the first-stage separator gas and the stock-tank oil) at the reservoir saturation pressure and bottom hole temperature. Noting that the reported vapor-to-oil molar ratios for wells A#22 and A#33 are 0.5183 and 0.5603, respectively. The saturation pressure was obtained for each well at the reservoir conditions by tuning the PVTi simulator, which could not succeed in getting the required vapor phase composition, especially for methane, which has the highest percentage in the reservoir fluid. This might be attributed to the fact that we are using the gas available from the first-stage separator rather than the non-available late-stage separator gas. In order to solve such a problem, the monophasic fluid was reproduced by recombining the resulting gas phase from the PVTi simulator with the stock-tank oil.
The average of the absolute error (AAE) in composition between the fluid data and the reproduced monophasic fluid was 0.68% for well A#22 and 0.99% for well A#33, but still there is a high deviation in the methane content between the field and the reproduced data; 7.4% for well A#22 and 11.0% for well A#33. In order to minimize such deviation, the vapor-to-oil molar was adjusted in this work until a zero deviation in methane content was achieved for each reservoir monophasic fluid. The converged vapor-to-oil molar ratios were 0.4199 for well A#22 and 0.4196 for well A#33. The resulting average of the absolute errors (AAE) in composition after these trials became 0.79% for well A#22 and 1.09% for well A#33. Figure 13 and Figure 14 show the compositional analysis for field data vs. recombined fluid at minimum average absolute errors in composition, and at 0% deviation in methane composition for wells A#22 and A#33, respectively.
On the other hand, Table 8 shows the experimental vs. predicted (using PVTpro) swelling saturation pressures for wells A#22 and A#33. The average of the absolute relative error (AARE) between experimental and predicted saturation pressures was 7.78% for well A#22 and 5.38% for well A#33. It is also clear from Table 8 that the saturation pressure of the system (at the specific reservoir bottom hole temperature) is highly affected by the CO 2 mass fraction in the CO 2 /live oil mixture and it is almost doubled upon increasing the CO 2 mass fraction from 0.0 to 0.6. Table 9 shows the PVTpro predictions of the swelling saturation pressure for CO 2 mass fractions above 0.6. A phase transformation from saturated liquid (bubble) to saturated vapor (dew) was predicted at a CO 2 mass fraction > 0.7 for well A#22 and ≥0.65 for well A#33. This could not be confirmed experimentally since for 2 CO 0.6 w > a pressure of more than 500 bar is required in the 2 nd syringe pump, which is above the limit of that pump. Also at 2 CO 0.6 w > no stabilization was observed and no monophasic system was detected. Lastly, the swelling test was performed using the PVTpro simulator and the predicted saturation pressures vs. CO 2 mass fraction were compared with those obtained experimentally as shown in Figure 15 . The average of the absolute relative error (AARE) was 7.78% for well A#22 and 5.38% for well A#33 as confirmed in Table 8 above.
Conclusion
In this work an experimental phase equilibrium setup for the recombination of live oil (stock-tank oil and firststage separator gas) and measurement of the corresponding phase behaviors of CO 2 /live oil mixtures is described. The experimental setup has been successfully tested in two sets of recombination tests followed by Predicted for well A#33 using PVTpro swelling tests for various CO 2 mass fractions. The CO 2 /live oil system was studied at the reservoir bottom hole temperature and at high pressure ranges starting at the reservoir saturation pressures of two United Arab Emirates oil reservoirs (A#22 and A#33). The results showed that the CO 2 mass fraction has a strong influence on the swelling saturation pressure and the swelling factors of the systems under study. The swelling saturation pressure has almost doubled and the swelling factor has increased from 1.0 to 1.74 upon the increase of the injected CO 2 mass fraction from 0.0 to 0.6. In general, the higher the swelling factor the better the enhanced oil recovery (EOR). Also it has been noticed that three-phase (liquid-liquid-vapor) transitions were observed at CO 2 mass fraction of 0.3 and above. This might have a positive effect on enhanced oil recovery.
Nomenclature a
Attraction parameter in the PR EOS a c
A parameter defined by Equation (12) 
